Curli fibers are adhesive surface fibers expressed by Escherichia coli and Salmonella enterica that bind several host extracellular matrix and contact phase proteins and were assumed to have a role in pathogenesis. The results presented here suggest that one such role is internalization into host cells. An E. coli K-12 strain transformed with a low-copy vector containing the gene cluster encoding curli fibers (csg operon) was internalized by several lines of eukaryotic cells. The internalization could be correlated with a high level of curli fiber expression and was abolished by disruption of the csg operon. The ability to be internalized by eukaryotic cells could be conferred even by the curli fiber gene cluster of a noninvasive K-12 strain, but the homologous csg cluster from a virulent septicemic E. coli isolate mediated a higher level of internalization. The finding that curli fibers promote bacterial internalization indicates a new role for curli fibers in pathogenesis.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains and plasmids used in this study are described in Table 1 .
Construction of genomic libraries of E. coli O78. Total genomic DNA of strain 781 serotype O78 was prepared and partially digested with Sau3A, and fragments of DNA corresponding to about 20 kb were isolated on a 5 to 40% sucrose gradient. These were ligated into the BamHI site of pMMB33 (11) . After in vitro packaging (using the kit GIGAPACK GOLD [Stratagene Cloning Systems]), 5,000 recombinant E. coli K-12 clones were selected.
DNA sequencing. DNA sequencing was performed as previously described (30) .
Construction of plasmids. A 9-kb fragment harboring the two csg operons from E. coli K-12 strain MC4100 was amplified by using primers C4231 (5Ј-GT GGATCCGCCCATTCTGAG-3Ј [BamHI site underlined]) and C1186 (5Ј-GC GAGTGGTTGATGGGG-3Ј) and ExTaq (TaKaRa) DNA polymerase. The resulting 9-kb PCR fragment was purified by ethanolic precipitation (29) and cloned into the SmaI site of pCL1920 previously dephosphorylated by shrimp alkaline phosphatase (Boehringer Mannheim) according to the manufacturer's instructions.
Cell culture. The human bladder epithelial cell line T24 was maintained in McCoy's 5A medium supplemented with 2 mM glutamine. The human alveolar epithelial cell line A549 was maintained in RPMI medium containing 10% fetal calf serum. The human cervical epithelial cell line HeLa was cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 5 mM glutamine, penicillin (100 U/ml), and streptomycin (100 g/ml) at 37°C in an atmosphere containing 5% CO 2 . For invasion and adherence assays, cells were resuspended at a concentration of approximately 5 ϫ 10 5 /ml in DMEM, seeded into a six-well tissue culture plate (Corning) containing the same medium, and then incubated overnight. For confocal laser scanning microscopy, the same concentration of cells was seeded onto 16-well glass cell chambers (Nunc) for the actin labeling experiment, and glass coverslips were added to six-well culture plates before seeding of cells for the tubulin labeling experiment.
In vitro invasion assays. Bacteria were quantified by a standard antibiotic protection assay (15) . Briefly, bacteria were inoculated in Lennox LB broth (Difco) and grown at 37°C for 18 h, diluted 100-fold, and grown to mid-log phase (about 3 ϫ 10 8 bacteria/ml). Bacteria were then collected by centrifugation (10,000 ϫ g, 5 min) and resuspended in DMEM. Cells were washed three times with phosphate-buffered saline (PBS; pH 7.4), and approximately 10 8 bacteria were added per well (infection rate, 1:200) unless otherwise stated. Plates were incubated for 2 h at 37°C. The cells were washed three times with PBS, and extracellular bacteria were killed by adding fresh medium containing polymyxin (100 g/ml). After further incubation for 1.5 h, the cells were washed three times in PBS, scraped off with a disposable cell scraper (Greiner), and lysed by brief sonication (30 in a Transistor/ultrasonic T7 [L&R Manufacturing Company]). Appropriate bacterial dilutions were plated to determine the number of viable internalized bacteria. Results are expressed as the average number of bacteria recovered per well in two independent determinations.
Quantitative Congo red binding assay. Bacteria were grown on LB agar plates (5 g of NaCl/liter) for 72 h at 37°C. Colonies were scraped off and suspended in saline. Double dilutions were performed, and the bacterial concentration was quantified by measuring optical density at 600 nm against a saline background. Bacteria were then pelleted by centrifugation for 10 min at 14,000 rpm in an Eppendorf centrifuge. A 0.002% solution of Congo red (in saline) was prepared and optical density at 500 nm was measured against a saline background. One milliliter of the Congo red solution was added to each bacterial pellet, and the bacteria were resuspended in the dye solution and left for 10 min of binding at room temperature, followed by a second centrifugation (under the same conditions). The dye solution was recovered, and its optical density at 500 nm was measured to determine the reduction in optical density.
Immunostaining and confocal laser scanning microscopy. Immunostaining was performed as previously described (33) . For actin staining, cells were seeded and grown overnight in cell chambers (Nunc) as described for invasion assays. Following a 2-h incubation with green fluorescent protein (GFP) expressing bacteria, cells were washed with PBS, fixed for 20 min in PBS containing 4% paraformaldehyde and 0.1% Triton X-100, and washed as before. Cells were blocked (1% normal donkey serum and 0.1% bovine serum albumin in PBS) for 1 h, washed, and incubated with 0.3 g of mouse antiactin antibodies (Boehringer Mannheim) in 40 ml of PBS for 2 h. Cells were then washed and incubated with 0.075 g of rhodamine-labeled anti-mouse antibodies (Jackson) in 40 ml of PBS.
For tubulin staining, cells were grown and fixed as described for actin except that glass coverslips were used. Cells were then incubated overnight with 0.5 g of rat antitubulin antibodies (Serotec) in 50 ml of PBS, washed in PBS, and incubated with 0.5 g of rhodamine-labeled anti-rat antibodies (Serotec) in 50 ml of, PBS. The bacteria were visualized by green fluorescence conferred by the pBC-GFP plasmid. Stained cells were visualized and photographed using a Zeiss (Oberkochen, Germany) LSM 410 inverted confocal laser scanning microscope equipped with a 25-mW krypton-argon laser (488 and 568 maximum lines). A 40ϫ NA/1.2 C-apochromat water immersion lens (Axiovert 135 M; Zeiss) was used for all imaging.
Transmission electron microscopy. Microscopy of cells was performed as previously described (21) , with the following modifications. Cells were grown on coverslips within culture plates. After the invasion period, cell monolayers were washed three times in PBS. Cells were then fixed for 1 h in 2.5% glutaraldehyde-0.2 M cacodylate buffer. Cells were postfixed for 1.5 h in 2% osmium tetroxide.
RESULTS

Internalization of bacteria carrying cloned curli fiber genes.
Curli fibers are coded for by the csg gene clusters. Preliminary results suggested that curli fibers may be involved in the internalization of curli fiber-expressing bacteria by eukaryotic cells. In order to determine the ability of the csg gene cluster to confer internalization, we performed the antibiotic protection assay (15) that determines in vitro internalization of bacteria. This assay is based on the fact that intracellular bacteria are not killed by antibiotic drugs that do not cross the cellular membrane, such as gentamicin or polymyxin.
The csg region of curli fiber-positive E. coli K-12 strain MC4100 was amplified using PCR and ligated into very lowcopy plasmid pCL. Since curli fiber expression is usually reflected by the ability of colonies to bind the dye Congo red (34), the ligation products were transformed into a curli fibernegative strain which does not bind Congo red (E. coli K-12 strain MC1022) and Congo red binding colonies were selected. Plasmid DNA was prepared and transformed into E. coli K-12 strain C600. The transformants were examined in the in vitro internalization test using HeLa cells. The results are summarized in Fig. 1 and indicate that all of the transformants carrying the csg cluster were internalized better than the untransformed control.
Isolation of a cosmid harboring the csg cluster from an avian septicemic E. coli O78 strain. The ability of curli fibers to mediate internalization when expressed from a plasmid suggested that they may play a role in septicemic processes. Therefore, we examined the curli fibers produced by pathogenic septicemic strain O781, an E. coli serotype O78 strain isolated from a chicken with avian colisepticemia. A library of E. coli O781 DNA was constructed in low-copy cosmid pMMB33. The library was used to infect E. coli VCS257, and a clone was isolated that possessed very high Congo red binding and was also internalized by HeLa cells. This cosmid, presumably car- rying the genes coding for curli fibers-pMMB33Inv-was also transferred to E. coli C600. Both clones, C600(pMMB33Inv) and VCS257(pMMB33Inv), were internalized by HeLa cells to about the same extent, which was greater than that mediated by the csg operon derived from the K-12 strain ( Table 2 ). The pMMB33Inv cosmid, which contained a 20-kb insert, was digested with the restriction endonuclease SalI, followed by self-ligation, resulting in a smaller cosmid, pMRInv, containing an 8.5-kb fragment which maintained the high Congo red binding and internalization. (Table 3 ). More than 2 kb of the 8.5-kb insert was sequenced, confirming that the insert contains the genes corresponding to csgD, csgE, csgF, and csgG of E. coli K-12, which constitute one of the curli fiber operons. A BLASTX search (1) showed complete predicted amino acid identity to the K-12 genes, except for the csgD gene. The protein encoded by this gene was different from the protein encoded by the K-12 homologue in two amino acids: there is a proline in position 19 in O78, as opposed to serine in K-12, as well as an alanine instead of a serine in position 110. It is interesting that in the CsgD homologue of S. enterica serovar Typhimurium, the same substitutions are present (along with nine other substitutions). A comparison of the nonidentical csgD locus of E. coli O78 to the E. coli K-12 and S. enterica serovar Typhimurium homologues can be seen in Fig. 2 .
We have compared the internalization results obtained with bacteria carrying the K-12 cluster to those obtained with bacteria carrying the homologous cluster from the avian septicemia strain of E. coli serotype O78 cloned into the same vector. The results (Fig. 1) indicate that the csg cluster originating from the virulent strain mediated a level of internalization higher than that conferred by the gene cluster from the nonpathogenic K-12 strain. The difference between the two strains was statistically significant in an independent-sample t test (P ϭ 0.015).
In addition to HeLa cells, the internalization of cells expressing a high level of curli fibers could be shown in T24 cells, HEp-2 cells, and chicken embryo retina cells. Since high expression of curli fibers may cause autoaggregation of bacteria, a control experiment without eukaryotic cells was conducted with mid-logarithmic bacteria of the same concentration used in the antibiotic protection assay. None of the bacteria carrying the plasmid harboring the csg cluster survived the incubation with polymyxin.
The curli fiber genes are essential for internalization. A subclone of pMRInv (pMSa) which contained a 6-kb fragment harboring a csg cluster lacking the csgG gene was not internalized to a measurable extent (Table 3) . Furthermore, when the csg operon was disrupted, the internalization phenotype was also lost. This experiment was performed using the pMRInv cosmid by the insertion of a gene cassette carrying resistance to spectinomycin into the csgG gene, which is involved in secretion and stabilization of the curli fiber subunit; the resulting cosmid-pMRBg-did not promote internalization (Table 3) . Since csgG is the last gene in the csgDEFG operon, which is divergently transcribed with respect to the csgBAC operon, it is possible to rule out the possibility of a polar mutation.
Clone harboring the csg cluster from E. coli O78 express a high level of curli fibers at 37°C. To determine the level of curli fiber expression by E. coli C600(pMRInv), a quantitative Congo red binding assay was performed. Various curli fiberexpressing cells were incubated in a Congo red solution, and the decrease in the Congo red color of the solution was determined. As can be seen from Fig. 3 , E. coli K-12 strain C600(pMRInv) Congo red binding was up to 10-fold higher than that of the host strain. Furthermore, the Congo red binding of the clone was directly correlated with the concentration of bacteria, unlike that of the host strain, indicating specificity. The low level of Congo red binding of the host strain and the lack of a substantial increase with the concentration of bacteria seem to indicate nonspecific binding and low, if any, curli fiber expression. These results were substantiated by immunoblot analysis.
Visualization of internalized bacteria. Since curli fibers have been shown to mediate adherence and autoaggregation (13) , the possibility arose that the escape from the effect of polymyxin in the antibiotic protection assay may be due to aggregation and intimate adherence rather than internalization of the bacteria. To further establish evidence for microbial entry into the cells, confocal laser scanning microscopy was con- bacteria. The bacteria were (left to right) E. coli K-12 strain C600, E. coli K-12 strain C600 carrying the csg cluster of O78, and E. coli K-12 strain C600 carrying the PCR-amplified csg cluster of E. coli K-12.
Each column is the average of two independent determinations. The results for the K-12-derived clones represent the average internalization obtained with four independent transformants carrying a PCRderived csg cluster. The cells were washed three times, and polymyxin at 100 g/ml was added. The number of intracellular bacteria was determined by viable count after 90 min of further incubation. Error bars represent standard deviations. The P value was 0.015 as determined by an independent-sample t test. ducted. Bacteria containing the plasmid pCLInv were cotransformed with the plasmid pBCGFP (kindly provided by Ann Matthysse), carrying a modification of the gene coding for the GFP from the jellyfish Aquoria victoria (8) . These bacteria were used to infect HeLa cells that were fixed after infection. The cells were treated with antiactin ( Fig. 4A and B) or antitubulin ( Fig. 4C and D) antibodies and visualized with rhodamine-labeled secondary antibodies. The results presented in Fig. 4 demonstrate that the bacteria are located within the labeled cells and are in close association with actin. As can be seen in Fig. 4A and B, many adherent extracellular bacteria are also present, which is to be expected when adhesive surface fibers such as curli fibers are expressed at a relatively high level. The internalized bacteria could also be visualized by transmission electron microscopy in thin sections (Fig. 5) .
DISCUSSION
Curli fibers and their Salmonella homologues (termed thin aggregative fimbriae) bind laminin (24) , fibronectin, and plasminogen (31) and have been shown to be important for adhesion to solid surfaces (34) . Although these fimbriae were first characterized in clinical isolates (9, 25) , their role in pathogenesis has not yet been established. The ability of curli fibers to bind extracellular matrix molecules, MHC class I molecules (26) , and human contact phase proteins (4) led to the suggestion that they have a role in invasion (31) . In this paper, we present data demonstrating that high levels of curli fibers mediate internalization of E. coli by eukaryotic cells in tissue cultures.
The finding that an adherence factor mediates internalization by eukaryotic cells is not unique. Several other bacterial proteins have been shown to mediate both adhesion and invasion-the Inv, YadA, and Ail proteins of Yersinia enterocolitica (22) and AfaE of uropathogenic and diarrhea-associated E. coli strains (16) . Recently, evidence was presented suggesting an involvement of fimbriae in internalization. This has been shown for Dr fimbriae of uropathogenic E. coli (12) and for fimbriae of Porphyromonas gingivalis (35) .
The internalization mediated by curli fibers was moderate (0.19% to 0.35%), in comparison with invasin-mediated internalization of enteroinvasive bacteria such as Y. entercolitica (about 27%) (22) or enteroinvasive E. coli (about 3%) (32) . Nevertheless, the observed uptake was substantial and of the (1) was conducted using the sequence obtained from E. coli O78 clone pMRInv, which contains the csg cluster of E. coli O78 .   FIG. 3 . Curli fiber expression level of a clone harboring the csg cluster from E. coli O78. Curli fiber expression was determined by the ability to bind the dye Congo red as described in Materials and Methods. Briefly, bacterial colonies were scraped off, subjected to twofold dilutions, and incubated with a solution of Congo red in saline. The bacteria were pelleted, and the solution's optical density at 500 nm was compared to that obtained at the same wavelength prior to incubation with bacteria. Congo red absorption in this figure is defined as the difference in optical density before and after incubation with the bacteria. The results are averages of two independent determinations. Error bars represent standard deviations. same order of magnitude as that conferred by the ail gene of Y. entercolitica for HEp-2 cells-0.37% (22) . Curli fibers are encoded by a gene cluster containing two divergently transcribed operons-csgB csgA csgC and csgD csgE csgF csgG (13) . This cluster is present and expressed in many E. coli strains, including nonpathogenic strains such as E. coli K-12 strain C600 (25) that are internalized poorly. However, a higher expression of the genes obtained by a higher copy number in cosmid clones has been shown here to increase uptake of the bacteria, even if the cloned genes are from E. coli K-12 strains. The results presented here indicated that a higher expression level of the csg gene cluster from E. coli K-12 strain MC4100, cloned on a low-copy-number vector, resulted in a higher level of internalization (Fig. 1) .
The internalization of bacteria carrying a plasmid with cloned curli fiber genes of E. coli O781 was higher than that of bacteria carrying the same plasmid but with cloned curli fiber genes of E. coli K-12. These results support the possibility that there are differences between the pathogenic O781 and the nonpathogenic K-12 strains in the csg cluster, whether structural or regulatory. Such differences have already been found in two amino acid substitutions in the activator CsgD that in avian septicemic E. coli O781 positions 19 and 110 contains proline and alanine, respectively, instead of serine as in K-12. These differences are probably significant, since the same substitutions are found in the CsgD protein of the pathogen S. enterica serovar Typhimurium (Fig. 2) .
The expression of the genes coding for curli fibers is complex and involves several control elements, such as H-NS, RpoS, and OmpR (2, 34) . As a result, in most known strains, the expression of curli fibers is greatly reduced at temperatures higher than 30°C and at high osmolarity (2). However, mutations leading to higher expression can occur by genetic changes in any one of these elements. One such mutation has already been identified in E. coli, where a point mutation in ompR resulted in significant curli fiber overexpression (34) . Recently, it has been shown that several E. coli isolates from humans with sepsis also produce curli fibers at 37°C (5). The results presented here indicate that the curli fiber genes of the pathogenic and nonpathogenic strains of E. coli can promote internalization when present in multiple copies, thus bypassing the tight control of curli fiber expression. The avian pathogenic E. coli O78 strain, from which we cloned the csg operon reported here, appears to differ in the control of curli fiber expression, as it produces high levels of curli fibers constitutively from a chromosomal one-copy gene. This strain is also invasive to tissue cultures, but internalization is lower than that of the recombinant strain that carries multiple copies of the csg operon. In the avian E. coli O78 strain, curli fiber production was observed in all of the media tested (even those of high osmolarity, such as Lennox LB broth) and at temperatures ranging from 25 to 42°C. As already mentioned, these findings indicate that curli fibers of the O78 strain differ from those of K-12 strains in structure or in the regulation of expression. The ability to express curli fibers under host conditions may be of critical importance upon bacterial entry into the host and is probably common in septicemic E. coli strains. These findings suggest that curli fibers constitute an significant virulence factor.
Avian colisepticemia is a systemic disease involving bacterial entrance into the bloodstream and organs. The results showing that curli fiber-encoding genes from avian colisepticemic strains bring about efficient internalization are compatible with the nature of the disease. Additional support is found in a recent publication (17) demonstrating that natural avian O78 isolates defective in curli fiber expression, due to a natural insertional inactivation by an IS1 element, exhibited reduced persistence in poultry, presumably due to less efficient colonization. Moreover, a study conducted with the avian pathogen S. enterica serovar enteritidis demonstrated that mutants with changes in the curli fiber homologue SEF17, showed significantly reduced internalization by epithelial cells and that the invasion of cells by the wild-type bacteria could be inhibited by anti-SEF17 serum (10) . On the other hand, insertional inactivation of the csgA gene in an E. coli isolate from avian colisepticemia, which completely abolished curli fiber expression, resulted in only a marginal decrease in internalization (18) . This result suggests that curli fibers are not the only virulence factor involved in the internalization of avian E. coli strains. One possibility was that many avian E. coli O78 isolates produce several virulence factors, including a fimbrial adhesin of the S-fimbria family termed AC/I (3). Although the increase in the uptake of bacteria when E. coli K-12 strain 600 was transformed with a cosmid coding for AC/I fimbriae was minor, it is possible that in the wild type a synergy exists between the two adhesins, contributing to invasion and virulence. It is also assumed that the wild-type septicemic strain contains additional internalization factors that, together with curli fibers, as well as AC/I fimbriae, participate in the initial attachment and internalization of the bacteria and could affect their virulence.
Although internalization by itself is clearly insufficient for pathogenesis, the demonstration that curli fibers can mediate bacterial internalization labels them as a significant virulence factor.
